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Ranking amongst the most economically damaging pests of soybean [Glycine max (L.) Merr.], 
the soybean cyst nematode (SCN, Heterodera glycines Ichinohe) threatens soybean production 
on a global scale. The primary strategy for managing SCN infestation is by planting high-
yielding resistant cultivars. The objective of this study was to critically evaluate cultivars from 
the Cianzio soybean breeding project for yield and defensive traits developed from 2000 to 2020 
combining high seed yield and SCN resistance. Forty-nine genotypes including checks were 
tested during 2017 and 2018 seasons on two field sites each year, one on SCN-infested and 
another on non-infested soil. The genotypes were additionally evaluated in controlled greenhouse 
conditions. Agronomic and SCN-related disease resistance traits were scored for all genotypes, 
and molecular profiling was done to determine the source of SCN resistance. Results indicate the 
program successfully introgressed SCN resistance genes, using three novel sources in addition to 
Peking and PI 88788, all protecting yield. All resistant genotypes, verified by qPCR rhg1 copy 
number estimates, proved to effectively control nematode reproduction and subsequent nematode 
population numbers at the SCN-infested location. This study has confirmed the use of the simple 
sequence repeat Satt309 molecular marker as an effective method for selecting for SCN 




Soybean, Soybean Cyst Nematode, & Pathotype System 
Soybean [Glycine max (L.) Merr.] has established itself as the most utilized legume crop 
in the world, representing 59% of the global oilseed production, and accounting for more than 
$31 billion in annual crop value in the USA alone (www.soystats.com, 2020). The soybean cyst 
nematode (SCN, Heterodera glycines Ichinohe) has on its own right countered the soybean host 
by becoming one of the most economically damaging pests of row crops across the globe, and 
the single most damaging pest of soybean in the U.S. and Canada. SCN is directly responsible 
for more than 3.3 million metric tons (120 million bushels) in yield loss per year across the US 
and Ontario, (Allen et al., 2017), which represents more than $1 billion in US yield losses 
annually (Koenning and Wrather, 2010). 
Heterodera glycines is a sexually reproducing obligate root parasite that can outmaneuver 
environmental stresses, intimately infiltrate the soybean root system, and persists in adverse soil 
conditions for years, making it quite a formidable pest (Niblack et al., 2008). As demand for 
soybean production has increased, so too have the interactions between host and pest, ultimately 
driving the evolution of SCN virulence (Yan and Baidoo, 2018). To better describe this changing 
virulence of diverse, heterogeneous SCN populations made up of heterozygous individuals, the 
race based four genotype scheme was modified for a more comprehensive HG (Heterodera 
glycines) type system that utilizes seven indicator genotypes (Niblack et al., 2002). SCN 
populations, however, have repeatedly demonstrated their genetic plasticity to overcome host-
plant resistance (Concibido et al. 2004; Nilblack et al. 2008). 
The primary strategy for managing SCN infestation typically involves three critical 
features: incorporation of non-host species, i.e., maize (Zea mays L.) into crop rotations, the use 
of resistant soybean cultivars, and the pairing with a nematode-protectant seed treatment when in 
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rotation (McCarville et al., 2017). This familiar pest management strategy is heavily reliant on 
the availability of unique, durable sources of host resistance to mitigate the risk of diverse SCN 
population evolution as a response of selection pressure from a resistant host.  
The overwhelming majority of SCN resistant commercial cultivars planted across the 
upper Midwest of the U.S. trace resistance to two main sources; PI 88788 and PI 548402, which 
is also identified with the name Peking (Tylka and Mullaney, 2019). Several other SCN-
resistance sources, such as PI 437654 (Hartwig), PI 209332, PI 90763, PI 606749, PI 89772, PI 
438489B, and PI 567516C have been used on cultivar development in a limited capacity (Joos et 
al., 2019; Tylka and Mullaney, 2019). A review of more than 1,000 SCN-resistant commercially 
available soybean varieties in Iowa indicates that only 3% of genotypes trace their SCN 
resistance sources to origins other than PI 88788 (Tylka, 2017). 
The repeated use of same parental accessions for sourcing SCN resistance inadvertently 
selects virulent nematode populations that can eventually break host plant resistance (Mitchum et 
al., 2016). The lack of available genetic diversity in commercial cultivars is actively contributing 
to changes in SCN population virulence. As more SCN soil borne populations break the PI 
88788 resistance, the need to expand the genetic background of commercially accessible soybean 
germplasm has never been more crucial in the battle to control this challenging pest long-term 
(McCarville et al., 2017; Mitchum, 2016; Niblack et al., 2008). 
 
SCN resistance genes and molecular classification 
Each SCN resistance source contains a group of genes that provide defense against 
nematode damage, allowing for some degree of diversity in resistance between soybean varieties 
developed using the same parents (Tylka et al., 2002). Physical recombination of these resistance 
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genes has allowed for a limited level of stability, even when repeatedly using the same resistance 
sources (Mitchum, et al., 2016).  
Two well documented quantitative trait loci (QTL), have been reported and mapped for 
soybeans, and subsequently recognized as providing the majority of SCN resistance (Yan and 
Baidoo, 2018). The first SCN resistance locus is a tandem 31-kb genomic repeat that consists of 
four genes, including the recessive rhg1 gene, and is located on chromosome 18 (Lee et al., 
2015). The second major SCN resistance QTL lies on chromosome 8 and includes the dominant 
gene Rhg4 (Liu et al., 2017). These two major loci function both independently and in concert 
with one another to provide varying degrees of SCN resistance. The rhg1 locus has shown to 
confer the most durable and effective source of SCN resistance of any soybean QTL (Concibido 
et al., 2004; Cook et al., 2012), and thus will be the focus of this study. 
 These well-established QTL are further influenced by copy number variation (CNV), or 
the physical repetitive structure of short sections of base pairs, all the way up to complete 
chromosome duplicates (Lee et al., 2015). The total number of rhg1 locus copies can vary 
anywhere from 1 to 10 repeats per haploid genotype. Of the two major SCN resistance sources, 
PI 88788 contains nine copies of rhg1 (rhg1-b allele), exhibiting incomplete dominance to 
provide SCN defense (Cook et al., 2012), whereas Peking requires both the presence of the Rhg4 
locus in addition to three repeats of rhg1 (rhg1-a allele) (Liu et al., 2017). SCN-resistant 
accessions, much like Peking, that possess low levels of rhg1 copy number, demonstrate a high 
propensity for requiring the Rhg4 resistance locus to maintain SCN resistance. Differences in 
rhg1 copy number show a strong relationship with the resistance phenotype, suggesting clear 
signatures of selection (Lee et al., 2015). These three groups form the primary rhg1 copy number 
classes observed in soybean characterized as: PI 88788-type, with greater than six copies; 
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Peking-type with two to four copies; and the susceptible Williams 82-type possessing only a 
single copy (Cook et al., 2014). 
‘Fayette’ (Bernard et al., 1988), identified as PI 518674 and registered in the National 
Soybean Germplasm Collection at USDA-ARS, is a variety developed by backcrossing the 
susceptible Williams used as recurrent parent two times with the donor resistant source PI 88788. 
In the molecular analysis of Fayette conducted by Lee et al. (2015), it was reported that the 
cultivar possesses 10 tandem copies of the rhg1 locus, suggesting that a multiplication event 
occurred during cultivar development that increased the copy number of rhg1 by one additional 
repeat unit compared to the number copies contained in PI 88788. This extra copy indicates that 
manipulation of the rhg1 QTL copy number via marker‐assisted selection could help facilitate 
other unique copy number architectures (Lee et al., 2015). This information further signals that 
the adoption of a molecular based classification system to identify SCN resistance sources based 
solely on rhg1 copy number repeats may provide a better means of distinguishing SCN 
resistance sources than the current system used that only denotes the accession from which the 
line was derived during development (Mitchum, 2016). 
  The objective of this research was therefore two-fold: 1) critically evaluate a collection of 
public soybean germplasm for SCN defensive trait performance, and 2) determine the utility of 
qPCR estimated rhg1 copy number as a metric to quantify and differentiate SCN resistance 
sources. 
 
Materials and Methods 
Plant Materials 
Genotype assembly and seed multiplication. A collection of 49 soybean genotypes were selected 
from the Soybean Breeding Project for Yield and Defensive Traits (Dr. Silvia Cianzio, personal 
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communication, Iowa State University, 2020), representing the culmination of more than 20 
years of public breeding at Iowa State to introduce disease resistance into high-yielding soybean 
lines. The focus of this project is on SCN resistance, however the Cianzio soybean program 
additionally worked to protect soybean yield from three other important soybean diseases: 
phytophthora root rot, brown stem rot, and sudden death syndrome (SDS).  Of these 49 lines, 29 
are germplasm or cultivar releases developed by the Cianzio lab, and the remaining 20 represent 
readily available parents used in developing the Cianzio lines.  The parental genotypes are 
considered as checks for evaluating genetic improvement of SCN resistance throughout the 
project.  
During the summer of 2016, a seed multiplication increase of each of the 49 genotypes 
were conducted at the Iowa State University (ISU) Bruner Farm to generate sufficient seed 
quantities of each genotype from a common environment for use in all subsequent tests.  The 
seed increase plots were planted in four-rows, 5.2 m-long (17-foot-long) plots, spaced 76-
centimeters (30-inches) between rows at a population density of 57,000 seeds per hectare 
(140,000 seeds per acre), equivalent to 26 seeds per meter (eight seeds per foot). Maturity notes 
were recorded for each seed increase plot to determine relative maturity of each genotype based 
on the maturity checks. The following checks were employed for relative maturity calculations: 
MN1410, of MG 1.6; IA1008, MG 1.9; LD02-4485, MG 2.1; IA2052, MG 2.3; IA2094; MG 2.6; 
Dwight, MG 2.9; IA2023, MG 3.4; and IA4004, 3.7. Maturity was evaluated as defined by Fehr 
and Caviness (1971), and described by Pedersen and Licht (2014).  
Throughout the 2016 growing season the seed increase plots of each genotype were 
thoroughly rogued for off-types to ensure line purity. The total area of each plot was harvested 
with an Almaco SPC 20 (Almaco, Nevada, IA) plot combine possessing seed bagging 
capabilities. The harvested seed was maintained in cold storage conditions (10°C at 59.6±7.3% 
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relative humidity) for later use as the single seed source for the remainder of the project. Seed 
germination was evaluated prior to use in all 2018-2019 experimentation to ensure acceptable 




Yield Trials.  During the 2017 and 2018 growing seasons, the 49 soybean genotypes were 
planted in 5.2 m-long (17-foot-long) rows 76-centimeter (30-inches) apart in four row plots, at a 
rate of 26 seeds per meter (8 seeds per foot) to target 57,000 seeds per hectare (140,000 seeds per 
acre) and employing a 0.9-meter (three-foot) unplanted alley between replications.  Yield 
determinations are based on the center two rows of a 6.1-meter-long (20-foot-long) plot, which 
includes the planted 5.2 m-long (17-foot-long) row in addition to the 0.9-meter (three-foot) alley. 
In an effort to standardized yield across locations and years, the average relative yield of an 
individual genotype was computed as follows: 
Relative Yield = 
𝑡𝑤𝑜‐𝑦𝑒𝑎𝑟 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑎𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒
𝑡𝑤𝑜‐𝑦𝑒𝑎𝑟 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑐𝑜𝑚𝑚𝑒𝑟𝑐𝑖𝑎𝑙 𝑝𝑎𝑟𝑒𝑛𝑡 𝑐ℎ𝑒𝑐𝑘,   𝐺𝑜𝑙𝑑𝑒𝑛 𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝐻‐2285
 
Each year, the yield trials were laid out in a randomized complete block design, 
consisting of three replications planted at two separate locations: one at the ISU Woodruff Farm 
on SCN-infested soil and one at the ISU Burkey Farm on non-SCN-infested soil. The SCN 
population at the ISU Woodruff Farm was HG typed tested as 1.2-, with the “-” indicating an 
incomplete HG type test as the population was tested only on Peking, PI 88788, PI 90763, and PI 
437654. The Woodruff Farm SCN population had 39% reproduction on PI 88788, 16% 
reproduction on Peking, and 1% on PI 90763 and no reproduction on PI 437654. The HG type 
testing was conducted by the SCN Diagnostics laboratory at the University of Missouri 
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(www.scndiagnostics.com, 2020). Prior to planting at both test locations during each year, pre-
plant herbicide treatment was applied and the seed bed was conventionally tilled. The center two 
rows of each four-row plot were harvested with an Almaco SPC 20 plot combine.  
Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, 
AR7SCN and AR8SCN were not included in yield evaluations due to their low yield compared 
to all other cultivar releases in the test. These germplasm lines were released for use in SCN 
breeding programs on the basis of their SCN resistance and were never selected for seed yield 
(Cianzio et al., 2018). Cultivars released by Cianzio and collaborators, over the 20-year period of 
these analyses, had all been selected based on dual criteria of seed yield and SCN resistance. 
Total seed weight per plot and seed moisture data were collected and converted to 
kilograms per hectare (bushels per acre) on a 13 percent moisture basis (13%).  Yield averages 
were calculated using the least squares means following the linear mixed model calculated using 
the R statistical software (R Core Team, 2017):  
Yijklm = µ + Ei + R(E)j(i) + Gk + GEik + Am + eijklm,  [1] 
where,  
Yijklm is the measurement on plot l in environment i, block j, containing genotype k within 
advancement group m; 
µ is the overall mean of all plots in all environments; 
Ei is the effect of environment (trial); 
R(E)j(i) is the effect of replicate j within environment i;  
Gk is the effect of genotype k;   
GEik is the interaction of genotype i with environment k;  
Am is the effect of the genotypic contrast advancement m; and 
 eijklm is the plot residual.  
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In the yield model, all factors are considered fixed effects, except the terms 
corresponding to environments and replications, thus enabling in-depth comparison between 
factors. Whenever missing plot entries were encountered in a dataset, the least squares means use 
the model to provide the best estimate of trait values across replications, locations, and years.  
To best separate the effect of each genotypic rhg1-type group, the “advancement” factor 
was added to the model to account for the genotype contrast residual. This contrast is addressed 
in the advancement factor by incorporating the progress of development within Cianzio 
defensive trait soybean breeding program of each genotype, indicating if the line was developed 
by the Cianzio lab as “Cultivars” and if it were used for SCN line development purposes as 
“Parents.” Genotypes designated as “Parent (C),” are cultivar releases also used as parents for 
crossing and for the purpose of this report are grouped with the susceptible parents. The five 
rhg1-type advancement groups were analyzed using their individual degrees of freedom in all 
subsequent analysis of variance to dissect the dataset in accordance with the project objective to 
provide an unbiased evaluation of this public defensive trait soybean breeding program sample. 
During 2018, late season heavy rains had noticeable pre-harvest effects on the soybean 
plots at the ISU Woodruff Farm (SCN-infested). Notes on shattering were recorded on a scale of 
“1” to “5,” adapting a similar rating scale from Zhang et al. (2010).  A rating of “1” = 0-10% of 
pods in a plot have shattered; “2” = 11-20% pods have shattered; “3” = 21-30% shattered; “4” = 
31-50% shattered; and “5” = 51-100% of the plot has shattered.  These notes were recorded 
immediately before harvest at the ISU Woodruff Farm site on October 31st, 2018. 
SCN field sampling and soil processing.  Soil sampling was conducted twice each 
growing season on a per plot basis to assess individual genotype performance.  The first soil 
samples were collected prior to planting in the spring used to establish the initial SCN population 
density.  In 2017, spring samples were collected at planting on May 31st, and in 2018 spring soil 
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samples were collected at planting on May 16th. The second samples were taken at harvest and 
were used to determine the final SCN population density.  In 2017 fall soil samples were 
collected at harvest on November 1st, in 2018 the fall soil samples were collected also at harvest 
on October 31st.  Each individual soil sample was made up of 10 one-inch-diameter (2.5 
centimeter) by six- to eight-inch (15 – 20 centimeter) deep soil cores, collected from the center 
two rows of each four-row plot.  Soil samples were maintained in cold storage at the ISU Plant 
Pathology greenhouse basement until further processing. 
 
SCN sample evaluation.  Each individual plot’s spring and fall soil sample was separately 
dried on a plastic tray placed on a wire shelf stored at room temperature for 24-hours to remove 
moisture. Each dried sample was then individually crushed using two steel 50-pound rollers 
rotating against each other designed by Christopher Marrett and Greg Gebhart (personal 
communication, Iowa State University, 2019), specifically to grind and homogenize soil 
samples.  Each soil sample was then processed through an automated elutriation and graduated 
sieve system to extract the female SCN cysts and remove excess debris. Each individual plot 
sample was rehydrated by adding 1800 ml of water to the container, stirred for 15-seconds using 
an air powered drill, allowed to sit for 15-seconds, and then poured through a 20 mesh (850 μm) 
and over a 60 mesh (250 μm) sieves. The resulting suspension of SCN cysts and debris that 
remained on the 60 (250 μm) mesh sieve was collected and placed in individual 100 ml beakers.  
Afterwards, each suspended SCN sample was exposed to mechanical grinding using a 
drill press outfitted with a rubber stopper pressed against a 60 mesh (250 μm) sieve to effectively 
break open the cysts and release the SCN eggs into a 200 (74 μm) mesh placed on top of a 500 
mesh (25 μm) sieve. The SCN eggs were recovered in the final 500 mesh (25 μm) sieve and 
stained using microwave heat and acid fuchsin. Tap water was added to each stained sample to 
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increase the sample volume to a standard 100 ml. The 100 ml sample was thoroughly stirred 
using an electric stirrer and a pipet was used to transfer 1 ml volume to a counting slide. The 
SCN eggs were visually counted at a 1:100 dilution under a compact light microscope as 
outlined by Tabor et al. (2003). 
SCN reproduction is reported as the reproductive factor (RF) for each entry, determined 
by the following equation: 
SCN Reproduction Frequency (RF) = 
𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑙𝑜𝑡 𝒇𝒊𝒏𝒂𝒍 𝑆𝐶𝑁 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 ℎ𝑎𝑟𝑣𝑒𝑠𝑡 𝑡𝑖𝑚𝑒
𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑝𝑙𝑜𝑡 𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑆𝐶𝑁 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑠𝑖𝑡𝑦 𝑎𝑡 𝑝𝑙𝑎𝑛𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
 
As an example, if an entry had a RF value of 2.0, it meant the SCN population density in 
those plots was at harvest 2 times larger than it was at planting time. Alternatively, an RF value 
of 0.2 means the SCN population density at harvest was one fifth the SCN population density at 
planting. RF values are location specific and vary substantially under different environmental 
conditions, soil types, and nematode populations.  Using the R statistical package, the RF data 
were fitted using the same linear mixed model as described in equation [1], where genotype was 
considered a fixed effect.  
To determine relationship consistency of yield performance and SCN reproduction 
among the different locations and years these two factors were plotted against one another, and 




SCN resistance screening in greenhouse conditions.  It was conducted following the 
protocol by Niblack et al. (2009), modified in the Tylka laboratory (Dr. Greg Tylka, personal 
communication, Iowa State University, 2000).  Two seeds from each genotype were planted in 
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separate cone-tainers filled with SCN HG type 2 infested soil with 21% reproduction on PI 
88788 and 6% on Peking (collected from the ISU Muscatine Island Research and Demonstration 
Farm, Fruitland, Iowa; HG type testing was conducted by SCN Diagnostics at the University of 
Missouri), amounting to ~2000 SCN eggs per cone-tainer.  Each cone-tainer was randomly 
placed in a bucket of sand with a maximum of 18 cone-tainers per bucket. The cone-tainer filled 
buckets were placed in a completely randomized arrangement in a water bath in a greenhouse 
room. Temperature of the water bath and the ambient air was maintained at 27 ± 1 °C, and plants 
were kept under natural light conditions, watered once daily until complete saturation. Thirty 
days after planting, the two plants per cone-tainer were gently pulled from their cone-tainer to 
allow the female nematode cysts to remain attached to the roots. Each root mass was then rinsed 
using high-pressure tap water over a stacked 20 mesh (850 μm) over a 60 mesh (250 μm) sieve 
to separate out and collect the female SCN cysts. The resulting debris and SCN cysts were 
transferred to a 100 mL beaker using minimal water and placed in cold storage until further 
processing. 
A sample of the aqueous solution containing the SCN cysts was placed into a well slide 
and all SCN cysts were counted under a stereomicroscope. The female index (FI) built on the 
standard classification system (Schmitt and Shannon 1992) was employed to evaluate the SCN 
resistance of individual genotypes as follows: 
FI = 
# 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒 𝑐𝑦𝑠𝑡𝑠 𝑜𝑛 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 𝑟𝑜𝑜𝑡𝑠
# 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒 𝑐𝑦𝑠𝑡𝑠 𝑜𝑛 𝑠𝑢𝑠𝑐𝑒𝑝𝑡𝑖𝑏𝑙𝑒 𝑐ℎ𝑒𝑐𝑘 𝑔𝑒𝑛𝑜𝑡𝑦𝑝𝑒 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 82
 
Entries were subsequently classified according to the standard FI classification system as 
resistant (R; FI equal or < 10), moderately resistant (MR; FI range from 11 to 29), moderately 
susceptible (MS; FI range from 30 to 60), and susceptible (S; FI > 60) (Schmitt and Shannon 
1992). The highly SCN-susceptible cultivar ‘Williams 82’ (Bernard and Cremeens, 1988), and 
the highly SCN-resistant genotypes PI 88788 and ‘Peking’ were included in the assessment as 
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standard checks. The FI data were fitted using the following general linear model with all effects 
fixed, computed within the R statistical package: 
Yijk = µ + Gi + Rj + Ak + eijk,    [2] 
where, 
Yijk is the measurement on block j, containing genotype i from advancement group k; 
μ is the overall mean of all plots; 
Gi is the effect of genotype i; 
Rj is the effect of rep j; 
Am is the effect of the genotypic contrast advancement k; and 
eijk is the plot residual. 
 
Sudden Death Syndrome screening. The 49 genotypes along with three additional public 
check lines, the resistant entry ‘MN1606’ (J. Orf, personal communication, Univ. of Minnesota 
2004, retired) as well as two susceptible checks ‘CM 497’ (J. Bond, personal communication, 
Southern Illinois University – Carbondale, IL, 2004)  and ‘Spencer’ (Wilcox, 1989) were 
screened for SDS resistance using the protocol developed by X. B. Yang (personal 
communication, Iowa State University, 2000) described by Cianzio et al. (2014).  The method 
was originally developed by X. B. Yang (personal communication, Iowa State University, IA, 
2000) and Hartman (Hartman et al. 1997), modified by P. Lundeen (personal communication, 
Iowa State University, IA, 2007), later patented by D. Lightfoot (Patent # 7288386; Lightfoot et 
al. 2007) and used with permission. 
Clean styrofoam cups (240 mL) were filled with 150 mL of a pasteurized 1:2 soil:sand 
mixture, followed by 30 mL of SDS inoculum:soil–sand 1:10 mixture. Three seeds of each entry 
were planted on the surface of the inoculum:soil–sand mixture and covered with an additional 30 
14 
 
mL of a pasteurized 1:2 soil–sand mixture. The cups were placed in a growth chamber following 
a completely randomized design and watered once daily. The seedlings were grown at 23°C for 
16 h under light (200 μmol photons/m2/s) and 16°C for 8 h under dark conditions for 5-weeks. 
This experiment was conducted twice, in two separate runs, replicating each entry four times per 
run.  Each plant was individually scored for SDS symptoms. 
The foliar disease score (FDS) of each individual plant was recorded 5-weeks after 
planting using a “1” to “7” disease severity scale, with increments of 0.5. as described by 
Swaminathan et al. (2019). The scale is  described as: “1” = no foliar symptoms; “2” = slight 
yellowing and/or obvious chlorotic fleck/blotches (1–10% foliage affected); “3” = interveinal 
chlorosis (11–20% foliage affected); “4” = slight necrosis and/or start of leaf cupping (21–40% 
foliage affected); “5” = necrosis along the entire margin of leaves and/or cupped/irregular shaped 
leaves (41–60% foliage affected); “6” = obvious  necrosis and cupping/rolling of leaves (61–
80% foliage affected); “7” = dying/falling leaves with notable complete leaf drop. Using the R 
statistical package, the FDS data were fitted using the same general linear model as described in 
equation [2]. 
 
Tissue Collection & Molecular Screening for rhg1 
Tissue collection. Tissue samples were collected during the SCN water bath screening 
from each of the 49 genotypes along with one additional sample from the SCN resistant check 
‘Peking’ and one from the susceptible check ‘Williams 82’.  Ten leaf samples per genotype were 
collected and genomic DNA was isolated according to the hexadecyltrimethylammonium 
bromide (CTAB) extraction method (CIMMYT, 2005). Detecting the presence of SCN 
resistance quantitative trait loci (QTL) alleles in the soybean lines was accomplished using a 




Molecular rhg1 screening.  A 100 μL solution of 10mM, Tris buffered to pH 8.0 was 
used to re-suspend the DNA pellet and then stored at −20°C until final use. A Nanodrop 
spectrophotometer (Thermo Fisher Scientific, Inc.) was used to check DNA quantity and quality. 
After diluting the DNA with sterile water, a 20 ng sample was applied as the PCR template. 
Using 10 μL volume, PCR amplification was performed employing a thermal cycler program as 
follows: 1 min at 94°C, 40 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s, 
and extension at 72°C for 30 s with the exception of the final extension lasting 10-min. Each 
PCR reaction mixture was comprised of 2mM MgCl2, 0.25 μM of the forward and reverse 
primers (Integrated DNA Technologies, Inc.), 2 μM deoxyribonucleotides (dNTPs), as well as 
0.5U Taq DNA polymerase (Invitrogen, Life Technologies Inc.). PCR was carried out using an 
ICycler system (BioRad Inc.), resolving the amplified PCR products and a 100-bp DNA ladder 
(NEB Inc.) on 4% agarose gel ran at 120 V for 4 to 7 hrs. The PCR products were stained with 
ethidium bromide for easy visualization under ultraviolet exposure. 
Quantitative analysis of rhg1 was facilitated by the Satt309 molecular marker linked to 
rhg1, the major SCN-resistance QTL on Chromosome 18 (Chang et al., 2011; Concibido et al., 
2004; Cregan et al., 1999; Glover et al., 2004). Satt309 is a particularly important polymorphic 
marker that allows the distinction of whether the rhg1 SCN resistance allele can be sourced from 
Peking, PI 88788, or any other novel resistance source (Cregan et al., 1999).  
Applying established quantitative PCR (qPCR) principles (Cook et al., 2012; Lee et al., 
2015), the Cianzio laboratory estimated copy number of the rhg1 locus. This modified qPCR 
assay relies on rhg1 locus specific primers, as well as UNK2 reference gene specific primers 
(Cook et al., 2012).  The genomic DNA extracted from the 49 individual soybean test genotypes 
in addition to three known rhg1 copy number check accessions, PI 88788 (9 copies of rhg1), 
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‘Peking’ (3 copies of rhg1) and ‘Williams 82’ (1 copy of rhg1), were included in the qPCR 
analysis.  Sample processing was accomplished using the MX3000P qPCR instrument 
(Stratagene) with a thermal cycler program of 2 min at 95°C hot-start activation, 40 cycles of 
denaturation at 95°C for 15 s, and annealing/extension at 60°C for 60 s.  The melting curve was 
obtained by running one cycle at 95°C for 60 s, 55°C for 30 s, and 95°C for 30 s following the 
last cycle.  Using the delta-delta Ct (2-ΔΔCT) formula, the rhg1 copy number for each entry was 
calculated as per the protocol devised by Livak and Schmittgen (2001). All modified molecular 
screening methodology was administered under the guidance of Dr. Sivakumar Swaminathan 
(personal communication, Iowa State University, 2018). Using the R statistical package, the rhg1 
qPCR estimated copy number data were fitted using the same general linear model as described 
in equation [2]. (R Core Team, 2017). 
Gel electrophoresis analysis was conducted to confirm qPCR results using the same DNA 
extracts from the first replication of the qPCR assay. Gel electrophoresis is only capable of 
separating SCN resistance source background according to DNA length rather than physical 
repeats of the rhg1 gene. That is, the Williams 82-type rhg1 gene contains the most base pairs 
and travels the shortest distance on the gel, whereas the PI 88788-type rhg1 gene possesses the 
fewest nucleotides and travels the furthest on the gel plate. The Peking-type rhg1 gene contains 
an intermediate level of alleles and thus DNA fragments traveled a distance in-between PI 88788 
and Williams 82 type resistance sources. The qPCR analysis provides a much more precise level 
of rhg1 copy number detection based on rhg1 copy number repeats rather than allelic differences 
detected through gel electrophoresis and was thus the primary method utilized in this project.    
No molecular analyses were conducted associated to the SDS disease.  The greenhouse 
screening was performed only for the purpose of phenotyping and statistical comparison. The 
relationship consistency between greenhouse SCN reproduction, rhg1 copy number estimations, 
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and SDS incidence ratings was determined by calculating the Pearson’s correlation coefficient (R 
Core Team, 2017). 
 
Results & Discussion 
Field data. The combined analysis of variance over two-years across SCN-infested and 
un-infested soils, indicated that all five distinct rhg1-type genotype groups, environment, as well 
as the genotype by environment interaction had significant (P = 0.05) effects on yield (Table 3). 
The environment mean squares were in relative terms, over twice as large as the genotypic 
effects, suggesting that a large degree of the yield variance was attributed to environmental 
influences among other factors in addition to genotype.  
The LS means for yield and SCN reproduction (RF) scores of individual soybean 
genotypes over both locations for both years presented in Table 1, suggest several levels of 
genetic improvement ascertained over the 20-years of targeted selections representative of this 
public soybean sample. To best compare progress within this sample of public soybean breeding 
genotypes the data was sorted first by the rhg1 copy number type and then by “Advancement” 
the term defining the role of genotypes as parents in a breeding program or novel cultivar within 
said breeding program. 
Among the 49 genotypes, the 12 susceptible genotypes that possess only one Williams 
82-type rhg1 copy averaged 3154 kg/ha (46.9 bu/ac) (Table 1). According to the protected 
Fisher’s least significant difference (LSD) of 195 kg/ha (2.9 bu/ac), these susceptible genotypes 
did not significantly (P = 0.25) differ from either resistant Peking-type or PI 88788-type parent 
sources, with the average combined of the two-year yields of 2993 kg/ha (44.5 bu/ac) and 3107 
kg/ha (46.2 bu/ac) respectively over all locations (Table 1). Alternatively, the resistant Peking-
type cultivar group yielded 3416 kg/ha (50.8 bu/ac), whereas the resistant PI 88788-type group 
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averaged 3551 kg/ha (52.8 bu/ac) over the combined two-year dataset. Both resistant cultivar 
groups were significantly different from the three parent groups using the LSD test value of 195 
kg/ha (2.9 bu/ac), however the two resistant cultivar sources were within the LSD test value and 
were not significantly different matching expectations. In general, this group separation suggests 
that a satisfactory degree of yield progress has been achieved within this sample of public 
soybean breeding program efforts with primary focus on defensive traits. 
 There was considerable yield potential variation among both the resistant and susceptible 
genotype categories (Table 1). Of the 37 SCN resistant genotypes, the 30 genotypes that possess 
PI 88788-type rhg1 copy number had a range of relative two-year yields from 0.50 to 1.08, 
whereas the 7 genotypes that have Peking-type rhg1 copy number totals had relative yields 
ranging from 0.64 to 1.02. 
When the overall genotype degrees of freedom were broken down by advancement group 
within this public soybean breeding program, the PI88788-type cultivars ranged from 0.79 to 
1.08, whereas the PI 88788-type parents ranged from 0.50 to 1.00. Following a similar 
distribution between cultivars and parents, the Peking-type cultivars ranged from 0.87 to 1.02, 
and the Peking-type parents ranged from 0.64 to 0.93. The remaining 12 susceptible genotypes 
averaged a two-year yield range of 0.73 to 1.00. A boxplot and yield distribution map better help 
visualize these yield patterns amongst rhg1 copy number sources (Figure 5A and Figure 5B). 
Evaluating the SCN-infested and non-infested locations separately, the susceptible 
Williams 82-type genotypes averaged 2784 kg/ha (41.4 bu/ac) on SCN-infested soil and 3504 
kg/ha (52.1 bu/ac) on non-infested soil (Table 1). The expected trend in higher performance on 
non-infested soils continued through both resistant Peking-type and PI 88788-type genotype 
groups. The SCN resistant Peking-type cultivar genotypes averaged 3215 kg/ha (47.8 bu/ac) on 
SCN infested soil and 3618 kg/ha (53.8 bu/ac) on non-infested soil, whereas the Peking type-
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parents averaged 2878 kg/ha (42.8 bu/ac) on infested soil and 3120 kg/ha (46.4 bu/ac) on non-
infested soil. The SCN resistant PI 88788-type cultivar genotypes averaged 3268 kg/ha (48.6 
bu/ac) at SCN-infested locations and 3820 kg/ha (56.8 bu/ac) at non-infested locations, 
compared to the PI 88788-type parent genotypes that averaged 2946 kg/ha (43.8 bu/ac) on 
infested soil and 3268 kg/ha (48.6 bu/ac) on non-infested soil over the two-years. 
The LSD test results for the SCN infested locations using a significance level of 0.25, 
was calculated as 175 kg/ha (2.6 bu/ac) (Table 1). This LSD test value suggests that the yield of 
the two resistant cultivar groups, Peking-type and PI 88788-type cultivars, two-year yield means 
are less than the 175 kg/ha (2.6 bu/ac) LSD value, but are significantly (P = 0.25) different from 
the susceptible genotype two-year average means and both corresponding resistant parent 
genotype groups. The protected LSD for the non-infested yields at confidence level of 0.25, is 
188 kg/ha (2.8 bu/ac). At the non-infested locations, the PI 88788-type cultivar group 
outperformed all other genotypes and were significantly different from the other four genotype 
sources according to the LSD test results (Table 1).  
The Peking-type cultivars and the Williams 82-type susceptible genotypes two-year LS 
means were too similar for separation via the LSD test value of 188 kg/ha (2.8 bu/ac), as was the 
case for both resistant parent genotype groups. The yield results and pairwise comparisons 
confirm the expected differences between genotype and location interactions (Table 1). That is, 
the susceptible often high-yielding parental genotypes performed equally to the two cultivar 
groups at non-infested locations, and then performed closer to the low-yielding SCN resistance 
source parents at SCN-infested locations, all while the cultivar groups maintained their rank at 
the top of the test (Table 1).  
Relatively higher yield was obtained in 2017 compared to 2018 most likely as a result of 
severe environmental stress that triggered high levels of shattering in 2018 (Appendix I, Table 
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1). Single year yield data for individual growing seasons and individual locations was 
summarized and made available for reference purposes only (Appendix I, Table 1). Performance 
data from a single locations and single years have much lower predictive probability than multi-
year comparisons and are not relied upon for genotypic performance evaluation in this project. 
The analysis of variance results indicated all five rhg1-type genotype groups, environment, and 
the genotype by environment interaction (P = 0.05), all had significant effects on yield during 
both the 2017 and 2018 growing seasons (Appendix I, Table 2). Average shattering scores for 
the SCN-infested location for the 2018 growing season are plotted against relative yield in 
Appendix I, Figure 1.  A significant (P =0.25) Pearson’s correlation coefficient of r = 0.22 
indicates a weak positive correlation between these two factors. The random scattering of rhg1-
type groups demonstrates a clear lack of association among these genotypic groupings. 
 The combined two-year SCN RF scores were significantly (P = 0.05) impacted by the 
five individual rhg1-type genotypic groups, environment, as well as the genotype by 
environment interaction with the exception of the resistant Peking-type genotype group only 
showing significance at P = 0.10 (Table 3). The mean square for environment accounted for most 
of the model variation in SCN reproduction, as its magnitude was triple the genotype effect. The 
two-year average RF value for the resistant Peking-type cultivar genotypes was 0.8, not 
significantly different from the average Peking-type parent genotypes two-year average RF value 
of 2.0 using the protected LSD test RF value of 1.8, at a significance level of 0.25 (Table 1). The 
PI 88788-type resistant cultivars and parent groups averaged SCN reproduction rates within 20 
percent of one another. The PI 88788-type cultivars averaged SCN RF values of 1.5 and the 
parents averaged 1.3 over both years and including the five cultivars AR4SCN, AR5SCN, 
AR6SCN, AR7SCN, and AR8SCN. The susceptible genotypes had nearly four-times more SCN 
reproduction than any resistant type group, averaging an RF value of 8.1 (Table 1). This clear 
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separation of resistant and susceptible genotypic groups on the basis of SCN reproduction 
suggests that the public defensive trait breeding program was successful in introgressing SCN 
resistance from parent to offspring while maintaining favorable yield improvements. 
To visualize SCN reproduction amongst SCN rhg1 copy number type resistance sources, 
a boxplot and SCN reproduction distribution map is shown in Figure 6A & B. The relationship 
between two-year average relative yield and SCN reproduction, RF at the SCN-infested locations 
is evaluated in Figure 1. The Pearson’s correlation coefficient, r was determined to be -0.31 (P = 
0.05), indicating a negative association between yield and RF as expected. A very dense cluster 
of the resistant genotypes can be observed at the top end of the relative yield scale, whereas the 
susceptible genotypes have a more random distribution generally trending lower in relative yield 
in both Figure 6A & B. The relationship between SCN reproduction and the relative yield 
provides ample reason to further investigate Satt309 molecular marker, as a possibility for 
marker assisted selection within a SCN soybean breeding program. 
 
Greenhouse & growth chamber trials. The overall genotypic and replication differences 
had a significant (P = 0.05) effect on the greenhouse female index, FI (Table 5), with genotypic 
effects accounting for almost all of the model variance. Of the five rhg1-type sources there were 
two groups that were not significant at a level of 0.05. Peking-type cultivars only showed 
significance at P = 0.25, and PI 88788-type cultivar group only had significance at P = 0.10. The 
SCN greenhouse water bath results, along with SDS growth chamber ratings are summarized in 
Table 2.  
Across the 37 resistant genotypes, FI scores ranged from 5.3 percent to a maximum of 
34.9 percent reproduction in relation to the reproduction on the susceptible check Williams 82 
(Table 2, Figure 3 A & B). The 12 susceptible parent genotypes had on average 56.6 percent of 
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the SCN reproduction compared to reproduction on the susceptible check Williams 82, however 
none of the 12 susceptible parents outperformed any resistant cultivar or parent genotype. The 
protected LSD for the FI model was 4.1% at a significance of 0.25, suggesting that there was an 
obvious significant difference between resistant and susceptible genotypes. Within the resistant 
genotypes, the Peking-type cultivar and parent groups were not significantly different from the 
PI 88788-type cultivar genotypes. It was expected that Peking lines would have the most success 
at limiting SCN reproduction on the HG type 2- soil used in the waterbath experimentation, but 
contrary to our expectations the PI 88788-type parent group had the least reproduction of any 
genotypic group. The PI 88788-type parent genotypes were not significantly different from the 
PI 88788-type cultivars, but they were significantly different from both Peking-type resistant 
groups of parents and cultivar genotypes. The greenhouse results confirm the field collected SCN 
RF data, further detailing the successful introgression on SCN resistance into Cianzio public 
breeding program cultivars. 
 The analysis of variance determined that all five rhg1-type genotypic groupings had 
significant (P = 0.05) effects on SDS foliar disease scores (FDS), whereas the replication effect 
was determined as nonsignificant (Table 6). No significant difference in average SDS growth 
chamber FDS incidence was observed between any genotypic grouping using the protected LSD 
of 0.4, at a significance level of 0.25. Between all five groups of rhg1 copy number type, the 
average SDS FDS ranged only 0.4, from 2.6 to 3.0 on the seven-point scale where seven is the 
most severe. The extremely low degree of depth in SDS FDS incidence between rhg1-type 
genotypic groups suggests a lack of relation to this particular pairwise grouping factor. 
 
Molecular analysis. Genotype and replication both had an overall significant effect on 
qPCR estimated rhg1 copy number (P = 0.05), with genotypic factors accounting for the 
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majority of rhg1 copy number variation (Table 7). When breaking the genotypic effect down into 
five rhg1-type genotypic groups, the Peking-type cultivars were only significant at P = 0.25, and 
the susceptible Williams 82-type parent group had no significant effect on qPCR estimated rhg1 
copy number (Table 2). The Peking-type derived genotypes averaged three copies of rhg1, 
genotypes tracing their resistance to PI 88788-type averaged nine copies of rhg1, and the 
susceptible Williams 82-type genotypes averaged one copy of rhg1. All control check genotypes 
highlighted in blue on Table 2 confirmed these results, with Peking possessing three copies, PI 
88788 with nine copies, and susceptible Williams 82 containing only a single copy of the rhg1 
locus. Distribution of rhg1 copy number amongst SCN rhg1 types is examined in Figures 8A & 
B, visually demonstrating the concise distinction between the three classes of the Satt309 
molecular characterization, PI 88788-type, Peking-type, and Williams 82-type.  
Using an alpha significance level of 0.25, an unprotected LSD was determined for rhg1 
qPCR copy number estimates was 0.4 copies. This unprotected LSD is the result of a 
nonsignificant Williams 82-type genotypic level effect in the model observed in the analysis of 
variance (Table 4). The overall genotypic effect was significant, however the pairwise 
comparisons must be considered with caution. The LSD reveals the expected significant 
separations of resistant Peking-type genotypes, resistant PI 88788-type genotypes, and 
susceptible Williams 82-type genotype groups. There was no significant difference between 
either sub-grouping of the SCN resistant type cultivar group and parent group, again validating 
the predicted differences between rhg1-type resistance source groups. 
In addition to PI 88788 and Peking, there were three other plant introduction accessions 
that were used as unique SCN resistance sources within the Cianzio public defensive trait 
breeding program, PI 606749 (cv. Ina, Nickell et al., 1999), PI 438489B, and PI 567516C 
obtained from the USDA-ARS Soybean Germplasm Collection. These sources were accounted 
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for as genotypic SCN source residual in all ANOVA tables due to the low number of cultivars in 
which they were used.  
As confirmed in this study the Satt309 marker has limited power to only distinguish 
between three sources of resistant, Peking-type with two to four copies of rhg1, resistant type PI 
88788 ranging from 9-10 copies of rhg1, and susceptible Williams 82-type with only a single 
rhg1 copy. The limitation with Satt309, and moreover single molecular marker CNV detection, 
is exemplified when investigating the cultivar AR13-131003, which traces SCN resistance to 
both PI 567516C and PI 88788. The genotype AR13-131003 averaged 10 copies at the rhg1 
locus, which categorizes this dual source of resistance together with PI 88788-type resistance 
sources. This drawback highlights a major concern of implementing such an only single marker 
SCN resistance source classification system as targeted in the objective of this study. 
Several relationships involving average qPCR estimated rhg1 copy number were further 
investigated to determine utility in Satt309 assisted variety selection. Field collected SCN RF 
data was plotted against rhg1 estimated copy number in Figure 2. A significant (P = 0.05) 
Pearson’s correlation coefficient, r = -0.71 was observed, indicating a strong negative association 
between rhg1 copy number and SCN reproduction in the field. That is, as the number of rhg1 
copy number increases, the level of SCN reproduction between planting and harvest times 
measured as RF decreases. To further investigate SCN reproduction in a controlled greenhouse 
setting, the FI percentages where plotted against rhg1 copy number in Figure 3. A significant 
Pearson’s correlation coefficient was observed at r = -0.76, again signaling a strong negative 
relationship between SCN reproduction and rhg1 copy number. The controlled greenhouse 
environment results directly support in field trialing with SCN FI decreasing as the number of 
rhg1 copies increases. 
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Estimated rhg1 copy numbers were also compared to the relative average of the two-year 
yield in Figure 4. Data for both locations and both years is included in Figure 4A, whereas only 
SCN-infested locations are included in Figure 4B. Significant (P= 0.05) Pearson’s correlation 
coefficients were calculated for both these comparisons to relative yield, with data representing 
all locations and years as possessing a positive correlation, r = 0.31. In contrast a positive slightly 
stronger Pearson’s correlation coefficient, r = 0.39 was determined when evaluating data from 
SCN-infested locations exclusively. This relationship between Satt309 marker determining 
qPCR estimated rhg1 copy number and relative yield further provides validation for 
implementing such a molecular scheme into a SCN breeding programs to aid in quantifying SCN 
resistance. Gel electrophoresis plate images corresponding to the same DNA extracts from the 
first replication of the Satt309 linked qPCR assay are included for reference in Appendix I, 
Figures 2-5.   
To further assess the possible relationship between SDS and rhg1 qPCR estimated copy 
number or SCN resistance in general, the two traits were further explored in Figure 9. A 
nonsignificant Pearson correlation coefficient was calculated as r = -0.08, clearly suggests no 
association between the two factors. These results coupled with the lack of pairwise LSD 
separation, further indicate the lack of association between SDS and SCN resistance genes. 
 
Conclusion 
This study provides a detailed trait characterization catalog for the soybean varieties 
developed at Iowa State University, Dept. of Agronomy, in the Cianzio lab during the years 2000 
to 2020. In the evaluated sample, the top ten two-year average yield performers were cultivars 
developed in the Cianzio public defensive trait breeding initiative, with two of the top ten 
genotypes tracing their SCN resistance to sources other than PI 88788.  
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Beyond the top yielding genotypes, the breeding efforts by this public breeding program 
successfully managed to introgress three unique sources of SCN resistance into germplasm while 
boosting favorable agronomic traits, among them seed yield. With the severe lack of SCN 
resistance source diversity available to Midwest soybean farmers as emphasized by prominent 
plant pathologists (Tylka, 2017; Tylka et al. 2019; Mitchum et al., 2016), the efforts managed by 
the Cianzio breeding program have expanded this gene pool dramatically. The summarized trait 
results outlined in this article may provide growers and breeders with useful information for 
future cultivar selections. 
The yield comparisons evaluated under SCN-infested and non-infested soils indicate that 
in general all genotypes have superior yields when planted on non-SCN infested soils. These 
results support previous observations (Mitchum et al., 2016; Tylka et al., Iowa Soybean SCN 
Variety Test), that suggest the SCN resistant genes introgressed within soybean genotypes might 
be energetically and metabolically costly to the plant, reflected on the lower yield performance 
of resistant lines planted on non-infested soils. Despite these possible effects on seed yield, the 
presence of SCN resistant genes in commercial genotypes is undoubtedly advantageous, 
allowing farmers to plant on infested soils, still effectively diminish nematode populations within 
the soil microbiome, and harvest a high-yielding crop.  
 Quantifying rhg1 copy number using the molecular marker Satt309 and qPCR estimation 
methods for CNV selection has proved a valuable tool for advanced genotype screening as it was 
practiced throughout the Cianzio breeding program, early during the breeding process and 
continuously during the developmental progress, both in field tests and evaluations under 
greenhouse conditions. Several strong associations between rhg1 copy number qPCR estimates 
and value-added traits such as SCN reproduction mitigation and yield were observed in this 
study, confirming the aptness of this molecular selection method. The system of single marker 
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assisted selection using the Satt309 marker, is limited to three sources of resistance used at ISU. 
Other molecular method strategies and additional molecular marker combinations may be 
required to provide a detailed characterization system to better understand diversity on SCN 
resistance sources and delay SCN population shifting on HG types in the soil. Further molecular 
research might be necessary to determine which marker combination can best differentiate 
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Tables & Figures 
Table 1. Summary of field collected average yields and SCN reproduction frequency from the sample of 49 public 
soybean cyst nematode (SCN) defensive trait soybean breeding cultivars and parent accessions combined over the 
2017 and 2018 growing seasons. 
 
a Averages followed by the same letter within a trait column are not significantly different according to a protected Fisher’s LSD at  = 0.25. 
Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, AR7SCN and AR8SCN are not included in this plot. The 
germplasm lines were released for use in breeding programs on the basis of their SCN resistance and were never selected for seed yield (Cianzio 
et al., 2018). Cultivars released by Cianzio et al., over the 20-year period of this analyses, had all been selected based on the dual criteria of seed 
yield and SCN resistance. 
b rhg1 -type = determined via qPCR copy number estimation, subsequent gel electrophoresis was used for confirmation. 
c Advancement is the progress of development within Cianzio defensive trait soybean breeding program, indicating if the line was developed by 
the Cianzio lab as “Cultivar” and if it was used for SCN line development purposes as “Parent.” Genotypes designated as “Parent (C),” are 
cultivar releases that are also used as parents for crossing and for the purpose of this experiment are grouped with the other susceptible parents. 
d Relative Maturity (RM), or maturity compared to other soybean check genotypes. 
e SCN Reproduction Frequency (RF) = is the initial spring sampled SCN population/final fall SCN population at harvest. 
f Relative Yield = two-year average yield of genotype/average two-year yield highest yielding susceptible check Golden Harvest H-2285. 
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Table 2. Summarized controlled environment and molecular data from a selection of 49 public soybean cyst 
nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
a Averages followed by the same letter within a trait column are not significantly different according to a protected Fisher’s LSD at a significance 
level of  = 0.25. 
b rhg1 -type = determined via qPCR copy number estimation, subsequent gel electrophoresis was used for confirmation. 
c Advancement is the progress of development within Cianzio defensive trait soybean breeding program, indicating if the line was developed by 
the Cianzio lab as “Cultivar” and “Parent” if it was used for SCN line development purposes. Genotypes designated as “Parent (C),” are cultivar 
releases that are also used as parents for crossing and for the purpose of this experiment are grouped with the other susceptible parents 
d Female Index (FI) = # of females produced/# produced on susceptible check x 100. 
e Phenotype = based on Female index (FI): R = Resistant (FI equal or < 10), MR = Moderately resistant (FI range from 11 to 29), MS = 
Moderately susceptible (FI range from 30 to 60), S = Susceptible (FI > 60). 







Table 3. Analysis of variance of the field collected data on yielda for the non-infested and SCN-infested location 
datasets separately, and yield for multi-environment two-year combined field data, as well as the SCN reproductive 
frequency (RF) combined over all years. 
Significance levels are noted with asterisks, * = 0.25, ** = 0.10, *** = 0.05, ns = non-significant. 
a Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, AR7SCN and AR8SCN are not included in this plot. The 
germplasm lines were released for use in breeding programs on the basis of their SCN resistance and were never selected for seed yield (Cianzio 
et al., 2018). Cultivars released by Cianzio et al., over the 20-year period of this analyses, had all been selected on the basis of dual criteria of 
seed yield and SCN resistance. 
 
Table 4. Analysis of variance on controlled environment collected data on female indexa (FI) scores for the 
greenhouse water bath and SDS FDSb growth chamber incidence datasets, as well as the molecular qPCR estimated 
rhg1 copy number datasets. 
 
Significance levels are noted with asterisks, * = 0.25, ** = 0.10, *** = 0.05, ns = non-significant. 
a Female Index (FI) = # of females produced/# produced on susceptible check x 100. 












Figure 1. Relative yielda related to the reproductive frequency (RF) at SCN-infested locations from a selection of 
44b public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
a Relative yield = two-year average individual genotype yield/two-year average yield of highest yielding susceptible commercial genotype 
Golden Harvest H-2285. 
b Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, AR7SCN and AR8SCN are not included in this plot. The 
germplasm lines were released for use in breeding programs on the basis of their SCN resistance and were never selected for seed yield (Cianzio 
et al., 2018). Cultivars released by Cianzio et al., over the 20-year period of this analysis, had all been selected on the basis of dual criteria of seed 

























Figure 2. rhg1 qPCR copy number estimations related to field collected SCN reproduction frequency (RF)a data at 
SCN-infested locations from a selection of 49 public soybean cyst nematode (SCN) defensive trait soybean cultivars 
and parent accessions. 
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Figure 3. rhg1 qPCR estimated copy numbers related to greenhouse collected female index (FI)a data from a 
selection of 44b public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
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Figure 4. Comparison of the relative yielda related to qPCR estimated rhg1 copy number. (A) Relative yieldb over 
all location and all years, (B) Relative yield at SCN-infested locations only from a selection of 49 public soybean 
cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
a Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, AR7SCN and AR8SCN are not included in this plot. The 
germplasm lines were released for use in breeding programs on the basis of their SCN resistance and were never selected for seed yield (Cianzio 
et al., 2018). Cultivars released by Cianzio et al., over the 20-year period of this analysis, had all been selected on the basis of dual criteria of seed 
yield and SCN resistance. 
b Relative yield = The yield of the two-year average individual genotype yield across all locations/two-year average yield of highest yielding 
















Figure 5. Boxplot showing two-year yields across all locations and all years according to SCN resistance source 
(A), and corresponding two-year combined location yield distribution map (B) from a selection of 44a public 
soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
a Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, AR7SCN and AR8SCN are not included in this plot. The 
germplasm lines were released for use in breeding programs on the basis of their SCN resistance and were never selected for seed yield (Cianzio 
et al., 2018). Cultivars released by Cianzio et al., over the 20-year period of this analysis, had all been selected on the basis of dual criteria of seed 
yield and SCN resistance. 
The solid red line across figure 5A, denotes the mean for the entire dataset, and the red “X” within each box represents the mean for each SCN 
resistance group. Advancement is the combination of progress within public soybean breeding program sample and rhg1 copy number type, 
















Figure 6. Boxplot assessing reproduction frequencies (RF) at SCN infested locations to SCN resistance source (A), 
and corresponding RF distribution map according to SCN resistance source (B) from a selection of 49 public 
soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
The solid red line across figure 6A, denotes the mean for the entire dataset, and the red “X” within each box represents the mean for each SCN 
resistance group. Advancement is the combination of progress within public soybean breeding program sample and rhg1 copy number type, 
















Figure 7. Boxplot assessing greenhouse SCN female index (FI) SCN resistance sources (A), and corresponding FI 
distribution map according to SCN resistance source (B) from a selection of 49 public soybean cyst nematode (SCN) 
defensive trait soybean cultivars and parent accessions. 
 
The solid red line across figure 7A, denotes the mean for the entire dataset, and the red “X” within each box represents the mean for each SCN 
resistance group. Advancement is the combination of progress within public soybean breeding program sample and rhg1 copy number type, 

















Figure 8. Boxplot detailing the dispersal of qPCR estimated rhg1 number by SCN resistance source (A), and 
corresponding copy number distribution map separated by SCN resistance source (B) from a selection of 49 public 
soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
 
The solid red line across figure 7A, denotes the mean for the entire dataset, and the red “X” within each box represents the mean for each SCN 
resistance group. Advancement is the combination of progress within public soybean breeding program sample and rhg1 copy number type, 


















Figure 9. Comparison of SDS foliar disease scores (FDS)a greenhouse ratings to qPCR estimated rhg1 copy number 
from a selection of 49 public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
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Table 1. Summary of field collected data for yielda separated by individual locations and years from a selection of 
49 public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
a Averages followed by the same letter within a trait column are not significantly different according to a protected Fisher’s LSD at a significance 
level of  = 0.25. Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, AR7SCN and AR8SCN are not included 
in the yield model. The germplasm lines were released for use in breeding programs on the basis of their SCN resistance and were never selected 
for seed yield (Cianzio et al., 2018). Cultivars released by Cianzio et al., over the 20-year period of this analysis, had all been selected on the 
basis of dual criteria of seed yield and SCN resistance. 
b rhg1 -type = determined via qPCR copy number estimation, subsequent gel electrophoresis was used for confirmation. 
c Advancement is the progress of development within Cianzio defensive trait soybean breeding program, indicating if the line was developed by 
the Cianzio lab as “Cultivar” and “Parent” if it was used for SCN line development purposes. Genotypes designated as “Parent (C),” are cultivar 
releases that are also used as parents for crossing and for the purpose of this experiment are grouped with the other susceptible parents. 










Table 2. Analysis of variance of the field collected data on yield for individual years, 2017 and 2018 separately 
across a selection of 49 public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accession 
genotypes. 
 












































Figure 1. Comparison of the relative yielda (2018 SCN-infested location average individual genotype yield/2018 
SCN-infested location average yield of the commercial genotype Golden Harvest H-2285) related to average 
shattering scores at the 2018 SCN-infested location from a selection of 49 public soybean cyst nematode (SCN) 
defensive trait soybean cultivars and parent accessions. 
 
a Yield information corresponding to germplasm lines AR4SCN, AR5SCN, AR6SCN, AR7SCN and AR8SCN has been included in this plot as it 
is only for reference purpose
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Figure 2. PCR-electrophoresis gel images corresponding to the first replication of qPCR assays using the same DNA extracts for the greenhouse sample ID 
numbers 101 through 116 from a selection of 49 public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
Greenhouse sample ID numbers are displayed in white at the top of each gel lane directly corresponding to the genotype names labeled in the center of each gel lane. Each gel picture contains the three 
primary SCN resistance source checks, PI 88788 (PI8; Resistant; nine copies), Peking (PEK; Resistant; three copies), and Williams 82 (W82; Susceptible; one copy) for comparison purposes. The 
estimated rhg1 copy number assessed over three qPCR replications is included at the bottom of each gel image. 
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Figure 3. PCR-electrophoresis gel images corresponding to the first replication of qPCR assays using the same DNA extracts for the greenhouse sample ID 
numbers 117 through 132 from a selection of 49 public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
Greenhouse sample ID numbers are displayed in white at the top of each gel lane directly corresponding to the genotype names labeled in the center of each gel lane. Each gel picture contains the three 
primary SCN resistance source checks, PI 88788 (PI8; Resistant; nine copies), Peking (PEK; Resistant; three copies), and Williams 82 (W82; Susceptible; one copy) for comparison purposes. The 
estimated rhg1 copy number assessed over three qPCR replications is included at the bottom of each gel image.
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Figure 4. PCR-electrophoresis gel images corresponding to the first replication of qPCR assays using the same DNA extracts for the greenhouse sample ID 
numbers 133 through 148 from a selection of 49 public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions. 
 
Greenhouse sample ID numbers are displayed in white at the top of each gel lane directly corresponding to the genotype names labeled in the center of each gel lane. Each gel picture contains the 
three primary SCN resistance source checks, PI 88788 (PI8; Resistant; nine copies), Peking (PEK; Resistant; three copies), and Williams 82 (W82; Susceptible; one copy) for comparison purposes. 





Figure 5. PCR-electrophoresis gel images corresponding to the first replication of qPCR assays using the same DNA extracts for the greenhouse sample ID 
number 149 from a selection of 49 public soybean cyst nematode (SCN) defensive trait soybean cultivars and parent accessions.
 
Greenhouse sample ID numbers are displayed in white at the top of each gel lane directly corresponding to the genotype names labeled in the center of each gel lane. Each gel picture contains the 
three primary SCN resistance source checks, PI 88788 (PI8; Resistant; nine copies), Peking (PEK; Resistant; three copies), and Williams 82 (W82; Susceptible; one copy) for comparison purposes. 
The estimated rhg1 copy number assessed over three qPCR replications is included at the bottom of each gel image. 
